1. Introduction {#s0005}
===============

Transportation emissions are a major source of air pollution in urban areas ([@bb0145]). In the weeks following the COVID-19 outbreak in early 2020, many governments instituted shelter-in-place and limited social interaction policies to contain the spread of the disease. As a result, businesses, offices, and schools were closed, and only essential services remained operational. These disruptions caused economic activity in many sectors -- including the transportation sector -- to decrease dramatically. Consequently, this period offered an unprecedented opportunity to quantify how reductions in transportation emissions affect concentrations of traffic-related air pollutants in urban air.

Studies document both air quality improvements and lack thereof during the pandemic in different countries around the world. For example, reductions in ambient concentrations of carbon monoxide, nitrogen dioxide (NO~2~), and particulate matter mass in the 2.5 (PM~2.5~) and 10 (PM~10~) micrometer size fractions have been reported in China ([@bb0005]), India ([@bb0060]; [@bb0110]), Brazil ([@bb0080]; [@bb0020]), Spain ([@bb0130]), and Kazakhstan ([@bb0055]). Based mostly on networks of sparse of regulatory monitors, these studies document improvements at the regional scale (\~100s km) from concurrent reductions in emissions from many sources including industry, manufacturing and power generation in addition to transportation. In contrast, in an analysis of a national database derived from \>500 regulatory monitors in United States, [@bb0010] found that for weeks after stay-at-home advisories went into effect, changes in average PM~2.5~ and ozone concentrations were inconsistent (both increases and decreases were observed); further, observed reductions were not commensurate with reported reductions in traffic and within the range of variation expected due to meteorology and long-range transport. Similarly, [@bb0150] analyzed severe air pollution events in North China following the outbreak in Wuhan, and concluded that reductions in PM~2.5~ and precursors occurring due to reduced traffic and industrial emissions were modest enough to be outweighed by adverse meteorology.

To date, no studies of which we are aware have reported on changes in air quality at the local scale in near-roadway neighborhoods (\<1-km^2^ scale) due to the sharp decreases in roadway traffic following the COVID-19 outbreak. Furthermore, in studies of air quality changes during the pandemic, analysis of air pollutants that are predominantly of traffic-origin, or proxies of traffic emissions, are missing or sparse. Our goal was to investigate air quality changes in an area where traffic is the dominant source of local air pollution. To that end, we studied Somerville, Massachusetts (USA), a municipality near Boston ranked 94th percentile for traffic proximity and volume ([@bb0150]. We measured two unregulated pollutants that are indicators for fresh traffic emissions -- black carbon (BC) and ultrafine particles (aerodynamic diameter \< 100 nm, reported here using the proxy particle number concentration -- on highways and in nearby neighborhoods during the pandemic. Our objectives were to measure the spatial distribution of traffic-related air pollution in a near-roadway neighborhoods, and to compare these measurements to datasets that predate the pandemic to quantify the changes in air quality due to traffic reductions ([@bb0090]; [@bb0095]; [@bb0105]; [@bb0120]).

2. Materials and methods {#s0010}
========================

2.1. Study area {#s0015}
---------------

Somerville is the most densely populated city in Massachusetts (7200/km^2^) ([@bb0140]). Land use in Somerville is 46% residential, 25% roadways, 10% commercial, 6% open space, and 4% industrial ([@bb0015]). Three major highways -- Interstate 93 (I-93) and Massachusetts State Routes (SR) 28 and 38 -- together carried 230,000 vehicles/day through Somerville in 2019 ([@bb0160]). Our monitoring route ([Fig. 1](#f0005){ref-type="fig"} ) captured air quality differences between these highways (and other busy roadways) and quieter residential streets. The route was 15.6-km-long and included 6.3 km of Class 2 and 3 roads (i.e., numbered multi-lane but not limited-access highways), 2.7 km of Class 4 roads (i.e., major roads, arterials, and collectors), and 6.6 km of Class 5 roads (i.e., minor streets and roads) as defined by Massachusetts Department of Transportation (MassDOT) ([@bb0075]). We also monitored a 6-km stretch of I-93 (Class 1; \~3 km in each northbound and southbound direction) between Somerville and Boston ([Fig. 1](#f0005){ref-type="fig"} and Fig. A1 in the Appendix).Fig. 1Somerville mobile-monitoring route (gray line) with arrows indicating the direction of travel. Black line in left inset shows the I-93 monitoring route. The mobile monitoring platform -- TAPL -- is shown in the right inset.Fig. 1

2.2. Monitoring campaigns {#s0020}
-------------------------

Herein we compare air pollution measurements from the Somerville monitoring route and on I-93 before and during the pandemic lockdown period. The ***lockdown*** period is defined as March 24, 2020 (when the governor ordered that non-essential offices and businesses cease in-person operations ([@bb0035]) in addition to schools the week prior) until the last day of our monitoring campaign (May 14, 2020). The Somerville route was monitored during normal traffic conditions in 2018--2019; the I-93 route was monitored during normal traffic conditions in 2012--2013 ([Table 1](#t0005){ref-type="table"} ).Table 1Summary of the different monitoring campaigns used in this study.Table 1Monitoring campaignSeasonStart dateEnd dateMonitoring daysLaps/Runs[a](#tf0005){ref-type="table-fn"}Wind speed[b](#tf0010){ref-type="table-fn"} (m/s)Temperature (°C)[b](#tf0010){ref-type="table-fn"}SomervilleNormal conditionsFall 2018Sep 13, 2018Nov 16, 201811534.8 ± 1.911.3 ± 6.3Winter 2019Jan 17, 2019Feb 22, 201915663.5 ± 2.51.4 ± 4.3LockdownSpring 2020Mar 27, 2020May 14, 202015515.6 ± 1.610.1 ± 4.4  I-93 between Somerville and BostonNormal conditionsSpring 2012Mar 5, 2012May 31, 201217335.8 ± 2.413.1 ± 6.9Spring 2013Mar 2, 2013May 21, 2013466.1 ± 1.89.9 ± 5.8LockdownSpring 2020Mar 27, 2020May 5, 2020151965.8 ± 1.35.3 ± 3.8[^1][^2]

2.3. Mobile monitoring {#s0025}
----------------------

In 2018--2020, monitoring was conducted using the Tufts Air Pollution Monitoring Lab (TAPL), an electric-car-based mobile platform ([Fig. 1](#f0005){ref-type="fig"}) fitted with a GPS receiver and fast-responding instruments similar in inlet design to other mobile platforms ([@bb0040]). In 2012--2013, mobile monitoring on I-93 was performed using the gasoline-powered TAPL (described elsewhere ([@bb0090])). Particle number concentration (PNC) was measured using TSI Condensation Particle Counters (CPC; Models 3783 and 3775), and BC was measured using Magee Scientific Aethalometer Model AE33 (we report the 880 nm wavelength data). A freshly factory-calibrated CPC was used for the lockdown-period campaign.

Mobile-monitoring data were compiled in spreadsheets by matching instrument time stamps. Data were then aligned with respect to the fastest instrument (i.e., the CPC, 1-s monitoring interval) to adjust for lags in response times. Data were scanned for periods of unreasonable values (such as zeros or PNC readings \<100 particles/cm^3^) or values automatically flagged by the instruments. A quality assurance protocol, described elsewhere ([@bb0095]), was followed for processing measurements collected with the gasoline-powered TAPL to eliminate possible self-sampling (no measurements were flagged for current analysis). Self-sampling corrections were not needed for the electric TAPL. Further, in the 2012--2013 campaign a butanol-based CPC was used that had a lower d~50~ (4 nm) as compared to the water-based CPC (7 nm) used in the 2018--2020 campaigns; thus, an adjustment factor (based on side-by-side testing of the two CPCs) was used to allow direct comparison of the datasets (see Appendix section A2) ([@bb0120]).

2.4. Data acquisition, processing and statistical analysis {#s0030}
----------------------------------------------------------

Hourly total traffic volumes from counters on I-93 nearest to the study area (Fig. A1) were acquired from MassDOT. Fleet composition during the lockdown was not publicly available for I-93; therefore, we used data from I-90 in Boston ([@bb0135]). Lockdown-period traffic volumes on other roadways in the study area were not available. Meteorological data collected at Logan International Airport (KBOS) were obtained from the National Centers for Environmental Information ([@bb0085]) and aggregated to hourly resolution. Hourly historical concentrations of BC, NO~2~ and PM~2.5~ from regulatory sites in Boston ([@bb0070]) were obtained via EPA\'s AirData and AirNow websites (<https://aqs.epa.gov/api;> <https://docs.airnowapi.org/>) and MA Department of Environmental Protection (April 1, 2020 onwards, Leslie Collyer, personal communication, June 5, 2020). Data were obtained for two sites: (a) a site on the shoulder of I-93, just south of Boston, which is part of EPA\'s near-road network (Von Hillern; ID: 25--025-0044); and (b) a site 6.5 km south of Somerville in Roxbury, which is considered indicative of the urban background (ID: 25--025-0042). See Figs. A2--A3 for locations of these regulatory sites and annual average traffic volumes estimated by the Boston Metropolitan Planning Organization ([@bb0075]) on streets around these sites. Roadway classes were assigned by linking GPS location with MA Executive Office of Transportation - Office of Transportation Planning (EOT-OTP) road data layers ([@bb0065]). Data were analyzed using ArcMap 10.5, R 3.5.1 and 3.6 and MATLAB 2019b.

On-road mobile measurements reflect the local background and on-road emissions by local traffic. Further, to quantify the reduction in traffic contributions to air pollution during the lockdown, we needed to compare lockdown-period data to datasets preceding the pandemic while controlling for day-to-day and seasonal variation in the local background. Therefore, we estimated the local background as the 5th percentile on-road value (similar to several previous mobile monitoring studies ([@bb0045]; [@bb0125]; [@bb0050])) per road class per lap of the monitoring route. The local traffic contribution component of the total on-road measurement was then quantified by subtracting the estimated background from the mean and median on-road concentration (per road class per lap). Differences between road class and monitoring periods were tested using the non-parametric Wilcoxon rank sum test (significance threshold *p* = 0.05) because pollutant concentrations were not normally distributed.

3. Results and discussion {#s0035}
=========================

3.1. Reduction in traffic volume {#s0040}
--------------------------------

During the lockdown, daily traffic on I-93 was on average 49% and 50% lower on weekdays and weekends, respectively, relative to the same period (March 24 to May 14) from the two most recent, pre-pandemic years with complete data: 2016 and 2018 ([Fig. 2](#f0010){ref-type="fig"}(A)). Years 2017 and 2019 are not plotted due to substantial data gaps in traffic counts. The diurnal traffic patterns on I-93 during lockdown were similar to the normal traffic period. Specifically, there were distinct morning and evening rush-hour periods on weekdays, and traffic was lightest between 0200 and 0400 h ([Fig. 2](#f0010){ref-type="fig"}(A)). During the lockdown period, peak hourly traffic on I-93 near Somerville was 660 vehicles/h, which was similar to that observed at midnight during pre-pandemic normal traffic conditions. Fleet composition data in [Fig. 2](#f0010){ref-type="fig"}(C) highlights the dramatic reduction in gasoline-vehicle traffic (i.e., passenger cars) during the lockdown compared to January--February 2020; daily median car traffic was 71% lower. In contrast, daily median truck (classified as vehicles with ≥6 wheels) traffic was only 46% lower.Fig. 2(A)-(B): Diurnal traffic volume (vehicles/h) on (A) weekdays and (B) weekends on I-93 in Somerville between March 24 and May 14 for two years preceding the pandemic (2016 and 2018) and 2020, the year of the pandemic. See Fig. A1 for location of traffic counters. (C) Percent change in daily median traffic volume (relative to median January 2020 weekday and weekend/holiday traffic volumes) on I-90 near downtown Boston between January 1 and May 10, 2020 for four vehicle types. Solid lines represent loess (local regression) fit trend lines.Fig. 2

3.2. Reduction in PNC and BC on urban roadways {#s0045}
----------------------------------------------

### 3.2.1. On-road concentrations {#s0050}

Based on 15 days of mobile monitoring during the \~5 week lockdown period, we observed that PNC and BC concentrations on Somerville roadways were substantially lower during the lockdown compared to pre-pandemic, normal traffic conditions ([Fig. 3](#f0015){ref-type="fig"}A and B). Depending on road class, median PNC were 44--56% lower and median BC concentrations were 31--42% lower during the lockdown compared to normal traffic conditions in the fall of 2018 (*p* \< 0.001 for all road classes for both pollutants) ([Table 2](#t0010){ref-type="table"} ).Fig. 3Seasonal medians for (A) PNC, (B) BC, and (C) concentration ratios (BC \[ng/m^3^\]:PNC \[particles/cm^3^\]) for different roadway classes in the study area. Each colored square represents the seasonal median of the median value of all measurements during a single lap of the monitoring route for each roadway class.Fig. 3Table 2Summary of concentrations during different monitoring campaigns and reduction in concentrations. For distributions see [Figs. 5](#f0025){ref-type="fig"} and A8-A9. The median values of those distributions are summarized in this table except for the mean columns (which are means of means).Table 2CampaignSeasonRoad ClassPNC (particles/cm^3^)BC (ng/m^3^)BackgroundTotal On-roadTraffic ContributionBackgroundTotal On-roadTraffic ContributionMedianMeanMedian - BackgroundMean - BackgroundMedianMeanMedian - BackgroundMean - BackgroundNormal ConditionsFall2&310,20016,70025,600650012,0004307201040280430Fall4990018,10026,200680012,1003706601150260420Fall5960015,20020,40052009100300490850180320Winter2&3970019,20029,700770012,800Winter410,60018,30025,700710011,900Winter510,40015,40022,90050008200During LockdownSpring2&35400930016,30026006400190420610210290Spring45700790014,40022005300190390680140260Spring55700820012,20020004500190340520140240  CampaignCompared to SeasonRoad ClassReduction in PNC (particles/cm^3^)Reduction in BC (ng/m^3^)BackgroundTotal On-roadTraffic ContributionBackgroundTotal On-roadTraffic ContributionMedianMeanMedian - BackgroundMean - BackgroundMedianMeanMedian - BackgroundMean − BackgroundDuring lockdown\
Compared to Normal ConditionsFall2&347%44%36%60%47%56%42%41%25%33%Fall442%56%45%68%56%49%41%41%46%38%Fall541%46%40%62%51%37%31%39%22%25%Winter2&344%52%45%66%50%Winter446%57%44%69%55%Winter545%47%47%60%45%

Differences among road classes during the lockdown were modest. Median PNC during the lockdown were 9300, 7900 and 8200 particles/cm^3^ for Class 2 & 3, 4 and 5 roadways, respectively, with no significant differences by class (*p* \> 0.05). Median BC concentrations were 420, 390 and 340 ng/m^3^ for Class 2 & 3, 4 and 5 roadways, respectively. Class 5 (residential roadways) were statistically-significantly lower than Class 2 & 3 (highways and ramps) (*p* = 0.02) ([Fig. 3](#f0015){ref-type="fig"}B; for data histograms see Appendix Section A3). But, as shown in [Fig. 3](#f0015){ref-type="fig"}, differences among road classes during normal conditions were also modest. For example, median PNC by road type during fall 2018 were 17,200, 18,300 and 15,900 particles/cm^3^ for Class 2 & 3, 4 and 5 roadways, respectively; BC medians were 470, 450 and 440 ng/m^3^ for Class 2 & 3, 4 and 5 roadways, respectively.

When data from individual laps of the monitoring route were compared, we observed spatial patterns consistent with the expectation of higher concentrations on busier roadways. [Fig. 4](#f0020){ref-type="fig"} illustrates the spatial patterns for PNC and BC for a spring day during the lockdown and a fall day in 2018 that had comparable meteorology. The spatial patterns in pollutant concentrations were similar on both days with higher concentrations on state routes and major arterials than on local roads; however, on the lockdown day the concentrations were as much as an order of magnitude lower for both PNC and BC on these roads compared the pre-pandemic day. This comparison highlights the need to examine pollution gradients at fine spatial and temporal resolution rather than comparing bulk statistics where fine-scale differences are lost (e.g., [Fig. 3](#f0015){ref-type="fig"} compared to [Fig. 4](#f0020){ref-type="fig"}).Fig. 4Spatial distribution of PNC (A and B) and BC (C and D) during evening rush hour (\~17:00--18:00) on a fall day during normal traffic conditions (October 25, 2018) and a spring day from the lockdown period (April 22, 2020). Days were selected for similar prevailing wind directions, wind speeds, and ambient temperatures.Fig. 4

Interestingly, despite the lower concentrations for both BC and PNC during the lockdown, we observed a higher BC:PNC ratio compared to the previous fall ([Fig. 3](#f0015){ref-type="fig"}(C)), perhaps indicative of the higher fraction of diesel vehicles in the fleet due to lesser reductions in truck traffic during the lockdown (see [Fig. 2](#f0010){ref-type="fig"}). Fleet distribution data on arterial roadways was not available, but field observations indicated a higher fractional presence of diesel-powered vehicles such as pick-up trucks and cargo vans. Further, essential services such as consumable goods deliveries and garbage collection, which use diesel vehicles, were operational during the lockdown. Compared to pre-lockdown conditions, the BC:PNC ratio was 13% higher during the lockdown for Class 2 & 3 roadways where most of the trucking activity typically occurred ([Fig. 3](#f0015){ref-type="fig"}(C)), but 56% higher for Class 5 streets during the lockdown (likely due to a steeper reduction in gasoline-powered passenger cars relative to diesel trucks on residential streets). The Class 4 trend was similar to that for Class 5.

### 3.2.2. Contributions from local traffic {#s0055}

Consistent with the reductions in traffic volume, PNC and BC contributions from traffic were also greatly reduced. Depending on the statistic used for quantification, the magnitude chosen for quantification ([Table 2](#t0010){ref-type="table"}), which is generally in line with the 50--70% reduction in car traffic and 40% reduction in truck traffic observed in the area. Based on [Fig. 5](#f0025){ref-type="fig"} , which shows the distributions of traffic contributions during the lockdown period compared to pre-pandemic conditions for three road classes, we make the following observations. First, the traffic contribution to on-road pollutant concentrations were comparable in pre-pandemic (normal traffic conditions) datasets from fall and winter of the preceding years. Second, in comparison to normal traffic conditions, the reductions during the lockdown period were greater for PNC than BC. This is possibly due to lesser reductions in diesel vehicles (which are higher emitters of BC) during the lockdown period relative to gasoline vehicles. Third, in comparison to the scales of pollutant reductions themselves, the reductions by road class were modest for PNC (62--68% and 60--69% lower compared to fall and winter, respectively, for all three road class types), while for BC there was more variance by road class and reductions ranged from 22 to 46%.Fig. 5Empirical cumulative distributions for the contribution of traffic emissions to total on-road concentrations (i.e., 50th - 5th percentile concentrations per road class per monitoring lap) during the lockdown period (spring 2020) compared to normal traffic conditions (fall 2018 and winter 2019) for PNC and BC by road class.Fig. 5

It is also worth noting that PNC and BC background concentrations were substantially lower during the lockdown compared to normal conditions. Background concentration distributions are shown in Figs. A8--A9 and medians of those distributions are presented in [Table 2](#t0010){ref-type="table"}. During the lockdown period the local background was at least 40% lower than during the fall of 2018 and winter of 2019. This is partly due to seasonal effects but more significantly because all other sources (e.g., local industry, long-range transport) were lower, which resulted in overall improved regional air quality. The local background was not found to vary by road class types.

3.3. Differences in PNC on Interstate highway (I-93) during lockdown versus normal traffic conditions {#s0060}
-----------------------------------------------------------------------------------------------------

We also compared measurements from 196 runs of the 3-km-long, I-93 monitoring route made during the lockdown period with 39 runs of the same route from March to May in 2012 and 2013 to illustrate the contrast between lockdown and pre-pandemic normal traffic conditions. During lockdown, traffic was 41% lower (5200 vs 8800 vehicles/h) on I-93 and the median PNC was 60% lower (16,000 vs 40,000 particles/cm^3^) relative to the 2012 and 2013 data ([Fig. 6](#f0030){ref-type="fig"} ). Although emission factors for vehicles have decreased over the last decade, ([@bb0030]), the scale of difference we observed far exceeds the documented changes in PNC emission factors for vehicles. We also observed that there was substantial scatter in the PNC vs. traffic volume data, indicating that other factors (e.g., wind speed and direction, atmospheric mixing height, fleet composition and speed, proximity of the monitoring platform to super-emitting vehicles) also influenced PNC ([@bb0100]). Due to a lack of traffic congestion on I-93 during the lockdown period, the average highway travel speed was higher. In our previous work in Somerville, we found that PNC was about 10,000 particles/cm^3^ lower during low traffic versus congested traffic conditions ([@bb0100]).Fig. 6Traffic volume versus PNC on I-93 before and during the lockdown period. Each data point represents the median of 1-s PNC measurements for a one-way, 3-km run of I-93 plotted against total traffic in both directions during the 1-h period overlapping the run. Boxplots highlight PNC (right) and traffic volume (top) for all data within the 2012--2013 and 2020 comparison groups. The median is shown as a thick black line in each box; the interquartile range (IQR) extends from 25th to 75th percentile; whiskers extend up to 1.5 times the IQR. Values beyond the whiskers are shown with red plus signs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 6

3.4. Trends at regulatory sites {#s0065}
-------------------------------

Regulatory sites in Boston generally corroborate the on-road pollutant concentration reductions we observed, but the extent of the reductions varied by pollutant and site. At two of the regulatory monitoring sites - the near-I-93 site and the urban background site - BC concentrations were 51% lower, NO~2~ concentrations were 30% and 47% lower, respectively, but PM~2.5~ concentrations were 9% and 52% lower, respectively, during the lockdown period compared to the previous five-year averages for the same period (March 24--May 15, 2015 to 2019) ([Fig. 7](#f0035){ref-type="fig"} and A10). Both BC and NO~2~ (but not PM~2.5~) concentrations in urban areas are highly impacted by traffic emissions, and the reductions in BC and NO~2~ concentrations in Boston were commensurate with the reduction in traffic volumes in the area. These trends are consistent with [@bb0010] who observed that during the lockdown periods in Los Angeles, New York and Seattle reductions in NO~2~ were about 30% while changes in PM~2.5~ were inconsistent. Similarly, several other studies around the world have reported that reductions in NO~2~ were larger or more consistent than those for PM~2.5~ during lockdown periods ([@bb0060]; [@bb0130]; [@bb0025]).Fig. 7Tukey box plots of daily measurements (March 24--May 15) of BC, NO~2~, and PM~2.5~ for each of six years at two regulatory monitoring sites in Boston. Black boxes represent the lockdown period. All boxes represent the interquartile range from the 25th to 75th percentiles, whiskers represent the 5th and 95th percentiles and outliers are shown as dots beyond the whiskers.Fig. 7

3.5. General discussion {#s0070}
-----------------------

Our results demonstrate that significant improvements in neighborhood-scale air quality can be achieved by reducing overall traffic emissions. During the lockdown period, PNC and BC spatial patterns were similar to pre-pandemic spatial patterns (i.e., generally higher on major roadways and lower concentrations in more residential areas), but the concentrations were up to an order of magnitude lower throughout the study area during the lockdown period when comparing individual runs with similar meteorology. Overall, total on-road concentrations, contributions from traffic, and local background concentrations were lower for both PNC and BC. Although we did not have street-level traffic estimates for Somerville, we did see comparable reductions in both the on-road measurements of PNC and BC and traffic volumes estimated at the nearest counters on I-93. Similarly, we also observed substantial reductions in background PNC and BC, which further suggests that these two pollutants were useful markers of traffic emissions, and that traffic was the dominant pollutant source in our study area.

Reductions in the concentrations of BC and NO~2~ were also recorded at Boston-area regulatory monitoring sites during the lockdown period. The reductions in BC and NO~2~ concentrations (51% and 30--47%, respectively) were consistent with our on-road measurements and were comparable in scale to the reduction in traffic, suggesting that BC and even NO~2~ in urban environments could be useful for tracking traffic-related air quality impacts in areas where traffic is a dominant source of pollution. Nonetheless, because BC is unregulated in the US and there are relatively few near-road network sites, the regulatory network cannot be a substitute for dedicated campaigns that focus on traffic-related air pollutants (such as BC and UFP) and that provide measurements at spatial scales relevant to traffic emissions tracking. A continuing campaign of measurements and subsequent analysis during the economic ramp-up phase - where traffic increases continually until a return to pre-pandemic volumes - can aid further quantification. It would also be interesting to compare larger on-road measurement datasets to regulatory sites and assess if there is parity in quantification achieved via these different air quality monitoring approaches. Our results -- and those of other studies that have examined different regulatory pollutants but have found inconsistent changes across pollutants -- suggest that caution is warranted in reporting air quality changes due to traffic reductions based only on regulated pollutants like PM~2.5~ and ozone. Although data for these regulated pollutants are readily available from regulatory networks, PM~2.5~ and ozone are highly influenced by meteorology and long-range transport, and atmospheric transformation processes, and are therefore not an appropriate proxy for local traffic emissions.

Our study had two main limitations. First, as is often the case for natural experiments or opportunistic studies, we were not able to fully match the season during the lockdown period with datasets from the same season predating the lockdown; therefore, we compared spring 2020 data to another transition season (fall). The trends observed in several of our previous measurements campaigns -- extending back a decade ([@bb0090]; [@bb0095]; [@bb0105]; [@bb0115]) -- provide a basis for this approach. The lower concentrations we observed during lockdown/spring 2020 were in contrast to our previous works ([@bb0090]; [@bb0095]; [@bb0105]; [@bb0115]) in which PNC during the transition seasons, i.e., spring and fall were found to be comparable to each other. Further spring time observations in pre-pandemic years were much higher than those during lockdown or spring 2020 (see Fig. A4a,b). For example, in measurements made in Somerville from 2009 to 2010 on a nearly identical mobile-monitoring route to the one used in the current study, Padró-Martínez et al. reported higher PNC in spring than in fall; further, springtime median PNC ranged from 37,000 particles/cm^3^ in Somerville neighborhoods closest to I-93 (\<50 m) down to 18,000 particles/cm^3^ in neighborhoods 1--2 km from the highway. We controlled for seasonal variation in the background when quantifying the contributions from local traffic, which helped to reduce error possibly introduced by inter-seasonal comparisons. Second, traffic counts were only available for interstate highways and not local streets. Further information on street-level changes in mobility coupled with factors that influence emissions, such as vehicle fleet age distribution and vehicle type prevalence (gasoline vs. diesel vehicles), could have significantly improved air quality data interpretation. Data from I-90 in Boston and our own observations indicates a steeper decline in passenger cars than trucks. In future studies, automated analysis of vehicle class and age (e.g., based on license plates or camera images) could be useful.

Our results can inform air-quality management for near-highway communities. Specifically, these findings document how reductions in the volume of fossil-fuel-burning vehicles leads to improved air quality at the neighborhood scale. Long-term improvements could be achieved by shifts in transportation modes (e.g., more public transportation, more bicycles) or by changes in traffic composition (e.g., more electric or hybrid-engine vehicles (but this would not address non tail-pipe particulate emissions such as brake wear and tire wear). The challenge for air quality managers is to develop policy and incentives to reduce the use of fossil-fuel-burning vehicles in urban areas. In addition, our results could be useful for epidemiological analyses of short-term changes in air pollution exposures and health effects.

4. Conclusions {#s0075}
==============

The steep reductions in traffic emissions during the COVID-19 lockdown period resulted in lower on-road concentrations of traffic-related air pollutants -- specifically, black carbon and particle number concentrations, thereby improving air quality in an urban neighborhood highly impacted by traffic emissions.
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The Appendix contains the monitoring schedule with summary of meteorological parameters and concentrations for individual monitoring days, a map of traffic monitoring stations, discussion of instruments, data histograms and distributions, and information on and graphics for the trends at regulatory sites. Supplementary data to this article can be found online at doi: <https://doi.org/10.1016/j.scitotenv.2020.140931>.

[^1]: Each mobile-monitoring lap represents one complete run of the Somerville route; each run of I-93 represents one trip along I-93 either from Somerville to Boston or the reverse.

[^2]: Listed here are the average wind speed and temperature for each campaign but only for the monitoring hours; wind speed and temperature for each monitoring day are listed in Tables A1-A5 in the Appendix.
